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In recent times, the term ‗congestion‘ has gained a lot of attention due to its negative 
impact on the mobility and efficiency of transportation network.  Congestion control and 
mitigation of its effects has become a prime concern to many transportation agencies.  With 
breakthroughs in transportation technologies, effective management and utilization of existing 
infrastructure capacities has been possible.  One of the key functions of technological 
advancements is the ability to understand the different characteristics of traffic that prevail on 
major freeways and arterials, and to model short-term predictions of traffic conditions with 
reasonable accuracy.  Providing accurate, real-time information makes travelers aware of the 
traffic conditions on the network and influences travelers‘ decisions in terms of trip time, mode 
and route choice.  This helps spread the traffic demand and reduces congestion.  Over the past 
few years, transportation researchers presented different approaches to model traffic conditions.  
However, no significant effort was made to study the stochastic characteristics of freeway 
traffic—particularly during breakdown and recovery periods—and to develop models which can 
forecast variations in traffic conditions.  Extant models do not consider the future most probable 
values.  The main objective of this research is to capture and analyze traffic patterns, obtained 
from real world freeway data, and to develop a series of models that can correlate between 
current and future traffic states.  Traffic conditions evolving over varying time horizons have 
been successfully modeled and studied.  The research ultimately aims to improve our 
understanding of the characteristics of breakdown and recovery conditions of traffic.  The 
research was conducted using massive freeway data collected from a 40-mile segment of 





1. INTRODUCTION AND PROBLEM STATEMENT 
1.1 BACKGROUND 
 Congestion on urban freeways is a major traffic problem that limits mobility and 
efficiency, and dampens the prospects of a nation‘s society and economy.  According to 
Cambridge Systematics, Inc., in the article ―Traffic Congestion and Reliability: Trends and 
Advanced Strategies for Congestion Mitigation,‖ the term congestion relates to an excess of 
vehicles on a portion of roadway at a particular time resulting in speeds that are slower–
sometimes much slower–than normal or ―free flow‖ speeds.  Congestion often means stopped or 
stop-and-go traffic.  Congestion is also recognized as one of the primary sources of world-wide 
air and noise pollution, which contributes to adverse health effects.  In recent years, traffic 
congestion has become a major concern due to increased motorization and urbanization, coupled 
with a steady growth in population.   The Texas Transportation Institute estimated that in year 
2000, the 75 largest metropolitan areas experienced 3.6 billion vehicle-hours of delay, resulting 
in 5.7 billion gallons in wasted fuel and $67.5 billion in lost productivity (10).  Even with the 
increasing severity of the impacts of congestion, daily travel cannot be stopped and total miles 
travelled are always increasing.  Between 1980 and 1999, vehicle miles of travel grew by 76 
percent while the amount of new roads or lanes increased only by 1.5 percent (15).  Absence of 
innovative and effective strategies to mitigate congestion will aggravate congestion and worsen 
its effects. 
Building more freeways cannot solve the underlying challenges of transportation system 





and counteract the anticipated congestion relief.  However, there has been steady progress in 
researching the methods with which to stretch the limited resources and in utilizing technological 
advancements for existing transportation systems.  These advancements help improve safety and 
efficiency of road networks, and assist in maintaining a strong and vibrant social and economic 
infrastructure.  One of the developments in achieving solutions to the traffic problems is the 
introduction of Intelligent Transportation Systems (ITS). 
ITS refers to the application of modern telecommunications technology and state-of-the-
art procedures, and tools, to the operation and control of surface transportation systems.  Such 
systems include automated highways, vehicle tracking systems, dynamic traffic assignment, 
simulation and other innovative techniques which improve safety, efficiency, and productivity of 
road networks.  These technologies have the potential to radically alter the traffic behavior as 
well as the way transportation professionals gather information and control facilities.   
 Various components of ITS use traffic surveillance devices to monitor and capture the 
traffic parameters.  Freeways are a primary source of mobility in urban areas.  Currently several 
hundreds of freeway miles are instrumented with traffic surveillance devices which collect real-
time traffic data.  The data being collected provides means to study different characteristics of 
traffic movement and is utilized by transportation professionals to seek ways to reduce the 
existing congestion.  Providing accurate, real-time information using available technology makes 
travelers aware of the traffic conditions on the network and influences travelers‘ decisions in 






1.2 PROBLEM STATEMENT 
Given the adverse effects of congestion, there is an increase in the need to improve the 
understanding of traffic behavior, especially during the transition periods of breakdown and 
recovery.  This is the motivation for the research.  Presently, there is a lack of methods that can 
help describe the behavior of traffic during both transient periods of breakdown and recovery.  
There is also a dearth of methods that can model future traffic conditions.  While procedures to 
study such transitions are still lacking, the means to develop them from real world are not.  With 
the help of existing freeway data archival systems, the research extracts various breakdown and 
recovery patterns from freeway data and then analyzes them.  The plethora of high-resolution 
data collected from urban freeways, that are a part of the Intelligent Transportation Systems 
instrumentation efforts, provides an ample opportunity to conduct such investigation and achieve 
the objectives addressed in the following section. 
 The focus of the research is to explore various characteristics of traffic conditions, 
including breakdown and recovery periods.  In the present context, traffic breakdown can be 
defined as the sequence of traffic observations during a transition period from steady state (free-
flow) conditions to unsteady state (congested) conditions.  Whereas, recovery is the reverse 






2. STUDY OBJECTIVES 
The research exploits the ITS freeway data sources and investigates the stochastic 
characteristics of traffic conditions during breakdown and recovery periods.  The research 
ultimately aims to improve the understanding of the basic dynamic characteristics of traffic.  In 
order to reveal various stochastic characteristics of traffic, the following specific objectives are 
achieved: 
1. To develop a robust model or set of models to examine the behavior of traffic during 
breakdown and recovery periods;   
2. To apply the models to a variety of traffic patterns that are observed from freeway 
segments; and 
3. To evaluate the generated models and identify the potential use to improve short-term 
traffic prediction methods by exploring how traffic conditions are likely to evolve during 






3. LITERATURE REVIEW 
Urban freeways are the primary source of mobility in urban areas.  Due to the limited 
federal and state resources, the national focus has shifted from capacity-expansion investments to 
more effective management and utilization of existing infrastructure capacities.  With the ever-
growing demand on our national transportation infrastructure system, major urban freeways have 
been experiencing frequent and prolonged congestion throughout the day.  As demand draws 
near capacity at critical segments of urban freeways, the likelihood and frequency of traffic 
breakdowns increase significantly.  The literature reviewed and presented here indicates that the 
dynamic traffic characteristics including breakdown and recovery conditions have not been fully 
explored yet.  
Over the past few years transportation researchers studied the characteristics of traffic 
flow on freeways in order to preserve mobility as the primary function of freeway facilities.  
There are many empirical research studies on freeway operations with emphasis on congested 
freeway flows, shockwave speeds, average time-gap behavior, congested-regime flow-density 
relationships, breakdown phenomenon etc.  The approaches employed in these studies are based 
mostly on traditional analytical methods such as classic flow-density-speed relationships, queue 
discharge models and/or data-driven probabilities and likelihood of freeway breakdown 
occurrence.  In this section we briefly review some of the published research efforts that could be 
directly or indirectly related to the characteristics of breakdown and recovery conditions on 
freeways as the main focus of the proposed research. 
Banks (2002) observed a variety of findings from the existing research on the breakdown 
phenomenon.  The paper described and analyzed past studies conducted on congested flow 





congested flow.  He observed diversity in the results on these topics.  He stated that, although 
shapes of flow-density relationships vary among studies and sites, and flow breakdown occurs at 
different locations and for different reasons, it does not indicate a similar diversity of phenomena 
but rather an effect of methodological differences.  He concluded that most of the research to 
date fails to provide a systematic understanding of the relative frequency of occurrence of 
different congested-flow conditions.  This gap in the existing research is expected to be better 
explored by the researchers with the tremendous traffic data availability nowadays. 
Persaud et al. (1998) investigated the probability of breakdown based on comparison of 
pre-congestion flows versus the queue discharge flows.  They found that if the 1- min flows are 
equal to the mean queue discharge flows, there is a negligible probability of breakdown.  
Conversely, 1-min lane flows that are 20 percent larger than the queue discharge flows raise the 
chances of a breakdown in the flow up to 10 percent.  The analysis, however, is site specific and 
the generalization of their method was not investigated.  
In another study, Persaud et. al. (2001) proposed a methodology to quantify the 
probability of traffic breakdown as a function of volume.  The study focused on the breakdown 
of traffic at ramp merges.  Research was conducted with a view that breakdown can occur at any 
given range of volume, with the probability of breakdown increasing as the volumes increase.  
For the study, 1-min flows were obtained from the time-speed and time-flow diagrams.  The 
probability of breakdown was then estimated as the relative frequency of breakdown compared 
to all occurrences at a particular flow.  Also, a curve was developed to approximate the 
probability of breakdown at any flow.  
In a research study, Lorenz and Elefteriadou (2001) have suggested the need to define 





was collected at two freeway bottleneck locations in Toronto, Canada to investigate the 
relationship between speed, flow rate and breakdown probability.  The probability of breakdown 
is determined by comparing the frequency of breakdown at a given flow rate with the number of 
times that breakdown did not occur at that given flow rate.  The breakdown flow rate concept is 
described and used to propose a probabilistic capacity definition for future editions of Highway 
Capacity Manual. 
Zou and Levinson (2003) proposed a new criterion function for detecting the transition of 
traffic from free flow to congested flow.  The study uses the tools in frequency domain analysis 
to detect the onset of congestion.  The methodology described in the study utilizes changing rate 
of cross correlation between density and flow rate.  The authors found that based on this cross-
correlation one can identify traffic moving from free-flow to congested condition.  It is suggested 
that, if the changing rate of cross correlation between the two parameters, density and flow, 
exceeds a given threshold value then the transition from free flow to congestion becomes 
irreversible.  However, the study lacks explanation of the sensitivity of the threshold to the 
various congested conditions. 
A paper by Bassan and Faghri (2005) evaluates the spatial dependency of breakdown and 
examines the consistency of the time of breakdown between weekdays, based on data collected 
from Interstate 66 in Virginia.  The main purpose of the study is to analyze the spatial evolution 
of traffic from free flow to congested flow and from congested flow to free flow.  The locations 
at which the study was carried out were selected on experimental design techniques.  The traffic 
data i.e. speed, occupancy and volume at the particular stations, was collected using dual loop 
detectors.  The data was then analyzed to detect congestion using time series method wherein, a 





propagation was also used to study the spatial influence on congestion.  The paper concludes that 
congestion is site dependent and the weekday effect is non-significant. 
In a paper by Nam (1996), the freeway traffic flows under congestion were analyzed 
based on the principle of traffic dynamics.  In the study, traffic dynamics signifies that traffic 
flow constantly changes over space and time as a result of the interactions among drivers, 
vehicles and road.  The fundamental concept of conservation of vehicles is applied to queuing 
and discharging vehicles, and analyzed.  The results of the analysis are then compared using two 
conventional macroscopic analysis tools, deterministic queuing analysis and shock wave analysis  
The analytical differences between the methods are defined.  The scope of the paper is limited to 
recurring congestion, which generally occurs in urban areas during peak hours, or during special 
events. 
In a research paper, Skabardonis et. al. (1999) discussed the incident frequency and 
characteristics observed on a stretch of I–10 in Los Angeles.  Data was collected and analyzed to 
determine incident patterns and its effect on traffic flow.  The study suggested that the impacts of 
incidents on traffic flow depend on the incidents‘ frequency, location, type, severity and 
duration, the traffic demand and capacity at the facility, as well as the availability of incident 
management programs.  High frequencies of accidents were observed on segments with weaving 
areas and lane drops.  Statistical analyses revealed that, the major factors affecting incident 
durations are incident type (accident, breakdown) and location (in-lane, shoulder), and only 37 
percent of the incidents cause delay to the traffic stream. 
Adeli and Karim (2000) have suggested a new multiparadigm intelligent system 
methodology to detect the occurrence of traffic incidents.  The methodology presented combines 





incident detection algorithm.  To eliminate undesirable fluctuations in observed data a wavelet-
based de-noising technique is employed.  Fuzzy clustering method is used to extract significant 
information from the observed data and to reduce the data set to a smaller quantity without 
discarding the important relations in the data.  A radial basis function neural network (RBFNN) 
is developed to classify the de-noised and clustered observed data.  The suggested algorithm was 
successful in accurately detecting incidents and had a low false alarm rate. 
Ishak et. al. (2007) proposed a methodology for screening real-time traffic data collected 
on freeways.  Probabilities of temporal variations of traffic parameters and probabilistic 
relationships between the three traffic parameters –speed, volume and occupancy were 
developed.  The probabilities were then used to detect inconsistencies in the traffic observations.  
Data screening algorithm was then generated for screening real-time freeway traffic data. 
Most of the research conducted in this area, employed approaches based mostly on 
traditional analytical methods such as classic flow-density-speed relationships, queue discharge 
models and/or data-driven probabilities and likelihood of freeway breakdown occurrence.  
However, no effort was made to study the stochastic characteristics of freeway traffic—
particularly during breakdown and recovery periods—and model traffic conditions.  Present 
models do not consider the future most probable values and the time horizon during which traffic 
changes from current state to any future state.  This study aims to capture and analyze traffic 
patterns obtained from real world freeway data and to develop a series of models that can 






4. DATA REQUIREMENT 
This section describes the data requirements for the study.  It includes procedures and 
instruments employed in collecting the data and describes the stretch of freeway where the data 
was collected.  To capture and study the various traffic conditions on freeways, real-time 
freeway traffic data is essential.  To achieve the objectives stated earlier, data already collected at 
the study sites was compiled and processed.  The entire data collection process is aimed at 
collecting various macroscopic traffic parameters (speed, volume, occupancy), at several 
locations on the freeway, which assist in relating different conditions of traffic at anytime during 
travel. 
4.1 STUDY AREA 
The data for the study was collected from a 40-mile segment of Interstate - 4, in Orlando, 
Florida.  The entire stretch of freeway employed in the collection of data, is instrumented with a 
total of 71 dual loop detector stations that are spaced at nearly 0.5 miles apart.  Table 1 and Table  
show the locations of the loop detectors on the 40-mile freeway corridor of I-4.  The loop 
detectors stream data every 30 seconds to the Orlando Regional Traffic Management Center 
(RTMC).  Figure 1 shows a map of the study area.  The data for research was collected over a 
time period of six years, from 1997 to 2002.  Detectors placed on each lane in both directions of 
travel provided three macroscopic parameters of traffic (speed, volume and occupancy) for each 
lane at each station. 
4.2 DATA COLLECTION 
Traffic surveillance systems are primarily used to monitor and collect traffic information 





categories: road-based and vehicle-based.  Loop detectors, Closed Circuit Television (CCTV) 
and sensors are examples of road-based detection systems.  Vehicle-based traffic surveillance 
systems include probe vehicles that are equipped with tracking devices, such as transponders, to 
track the location of vehicles over time. 
 
Figure 1:  Map of study section of Interstate 4, Orlando, Florida. 
In this study, data was collected using dual loop detectors placed along the freeway 
stretch at different locations.  At each detector station on the mainline there are two 6‘x 6‘ loops 
embedded in each lane, which are connected to a 170-type controller located in a cabinet 
adjacent to the roadside.  Figure 2 displays the configuration of a typical loop detector station on 





between the two loops divided by the difference between the two detectors‘ actuation times.  
Occupancy and volume are directly measured with a single loop detector at each station on the 
freeway. 
Table 1:  Location of Loop Detector Stations on the 40-mile Corridor of I-4 in Orlando, FL 





































































West of 192 
West of 192 
US 192 
West of Osceola 
East of Osceola 
SR 536 
East of SR 536 
West of SR 535 
West of SR 535 
SR 535 
West of Rest Area 
Rest Area 
West of Central Florida Pkwy 
Central Florida Pkwy 
528 EB Ramp 
528 WB Ramp 
West of 482 
West of 482 
SR 482 
West of 435 
West of 435 
SR 435 
435 WB Ramp 
Turnpike 
Turnpike WB Ramp 
Camera 21 
West of John Young Pkwy 
West of John Young Pkwy 
John Young Pkwy 
East of John Young Pkwy 
Rio Grande 










































Table 1:  (Continued)  




















































































East of Lee Rd 
Kennedy 
414 EB Ramp 
East of SR 414 
Wymore 
East of Wymore 
West of SR 436 
SR 436 
West of SR 434 
West of SR 434 
SR 434 
434 Ent Ramp 
434 Ext Ramp 
West of EEWill 
East of EEWill 
Rest Area 
East of Rest Area 
West of Lake Mary Blvd 
West of Lake Mary Blvd 
Lake Mary 
Lake Mary 





































Therefore, in each direction each detector station reports three values of speed and six values of 





average of all vehicles with the 30-second period, while volumes represent the total vehicular 
count within the period. 
 







In this section, the methodology applied in this research is discussed.  Detailed theoretical 
concepts of the procedure are presented with a brief description of the parameters used. 
5.1 INTRODUCTION 
Traffic variations observed during breakdown and recovery periods are composed of a 
sequence of events that occur over time at specific locations.  These variations are dynamic in 
nature and often affected by the prevailing demand and capacity characteristics in the time-space 
domain of interest.  Theoretically, traffic behavior can be modeled as a stochastic process over 
time.  However, applying such models to traffic relies on the assumption that the evolution of 
traffic states is stationary over time, i.e. traffic conditions are time-independent.  This modeling 
process can be achieved by modeling the future states of traffic and studying the characteristics 
of traffic during transition from uncongested to congested states, and conversely from congested 
to uncongested states.  In order to model the stochastic variations of traffic conditions on 
freeways, a probabilistic approach was used.  As traffic conditions change constantly with time, 
various time horizons were used to study the different characteristics of traffic during the 
transition periods of recovery and breakdown.  The collected data was used to build a series of 
probability matrices and then, the expected values of the traffic parameters were determined. 
In the research, discrete states are used to describe the traffic conditions at any time or 
location.  Each state can be defined in terms of one of the three observed traffic parameters: 
speed, volume, and lane occupancy.  In this study, speed was selected as a traffic parameter to 
define traffic conditions, as speed explicitly indicates changes in traffic conditions such as 





instance, a speed of 45 mph can represent a traffic state at any time and location.  The states 
described at a present time ‗t‘ are referred to as current states.  Each current state is assumed to 
be associated with a future state.  Let Xt and Xt+δ, represent speed observed at time ‗t‘ and ‗t+δ‘, 
where ‗δ‘ is the time horizon.  Both current and future states provide a complete description of 
the traffic conditions over a certain time period. 
The methodology used to examine stochastic variations of traffic conditions over time 
requires estimation of probability of transition from one state to another.  Probabilities of 
transition from current state (Xt) to a future state (Xt+δ), given the current state are calculated 
using the principle of conditional probability.  By definition, conditional probability is the 
probability of occurrence of some event A, given the occurrence of some other event B.  
Conditional probability is expressed as P (A|B).  The probability of speed transition can be 
mathematically written as: 
Probability of transition = 𝑃  Xt+δ = b   Xt = a} 
The transition to a future state of traffic can be positive or negative.  Probability of 
negative transition is the probability that given variable Xt changes to Xt+δ < Xt, over a time 





{Xt, δ} = 𝑃  Xt+δ < Xt    Xt} 
High probabilities of negative transition indicate that traffic conditions deteriorate during 
the specified time period.  In other words, it indicates high chances of a traffic breakdown.  
Probability that the variable Xt changes to Xt+δ, higher than Xt is represented by  
P
+
{Xt, δ} = 𝑃  Xt+δ > Xt    Xt} 
Where, P
+
 denotes the probability of positive transition.  High probabilities of positive 





A parameter ‗ε‘ was introduced which is the tolerance for change of speed from its 
current state.  In this research the values of ‗ε‘ were taken as 0 mph, 5mph and 10 mph.  Figure 3 
shows a probability curve for transition from speed (Xt) to a future speed (Xt+δ), for a particular 




 represent the areas under the curve and the interval (-ε, 
+ε).represents the speed tolerance. 
 
Figure 3:  Probability curve for transitions from Xt to Xt+δ, for a particular Xt. 
Different time horizons were chosen and investigated in this research.  The selected time 
horizons 30 sec, 1 min, 5 min and 10 min are denoted by δ which is the number of 30 sec 
intervals.  The values of δ are 1, 2, 10 and 20. 
Mathematically, the probabilities can be represented by the following equations. 
P
-














respectively, for  a particular speed (Xt),  tolerance (ε) and  time horizon (δ). 
The conditional probability distribution function for negative and positive speed 
transitions can be found from the cumulative sum of their discrete probability functions for each 
speed value. 
Conditional expected value ‗E‘, which occurs (after a negative or positive transition), can 
be mathematically represented by the equations: 
E
-
(Xt, ε, δ) = 𝐸 𝑋𝑡+𝛿    𝑋𝑡+𝛿 < (𝑋𝑡 − )] 
E
+
(Xt, ε, δ) = 𝐸 𝑋𝑡+𝛿    𝑋𝑡+𝛿 > (𝑋𝑡 + )] 
Where, E
-
(Xt, ε, δ) and E
+
(Xt, ε, δ) represent conditional expected future value of a 
negative and positive transition, respectively, given (Xt), tolerance (ε) and time horizon (δ). 
5.2 DATA PROCESSING STEPS 
The procedure to calculate the transition probabilities and expected values is described in 
this section.  The three parameters of traffic (speed, volume and occupancy) collected from the 
loop detectors at various stations are processed in the following steps. 
1. The freeway data was compiled into SQL (Structured Query Language) databases. SQL is a 
computer language designed for the retrieval and management of data in relational database 
management systems.  The speed, volume and occupancy values on each lane (Left, Center, 
Right), in the two directions (East-bound, West-bound), for each year are grouped in one 
table.  Each database table comprised of the following fields: Date-Time Stamp, Station, 
ELS, ECS, ERS, WLS, WCS, WRS, ELV, ECV, ERV, WLV, WCV, WRV, ELO, ECO, 
ERO, WLO, WCO, and WRO.  ELS, ECS, ERS –speed in the east bound direction on left, 





right lanes.  ELO, ECO, ERO –occupancy in east bound direction on left, center and right 
lanes.  WLO, WCO, WRO –occupancy in west bound direction on left, center and right 
lanes.  ELV, ECV, ERV –volume in east bound on left, center and right lanes.  WLV, WCV, 
WRV –volume in west bound on left, center and right lanes. 
2. The data was then grouped by station for all years and sorted by time.  Table 2 shows a 
sample of the station data file.  The table is comprised of the values of the three traffic 
parameters observed at each detector station aggregated for a time interval of 30 seconds.  
Each 30-second time interval was labeled by a serial number to preserve the sequence of 
observations over time.  The speed data was then separated and grouped. 
3. In order to obtain the transition probabilities, the transition frequencies for each speed value 
over a time ‗δ‘ were calculated.  Transition frequency of speed Xt is the number of 
observations in which the value of the speed changed from Xt to Xt+δ over the chosen time 
horizon.  The frequency of observing a future value (Xt+δ = b) given Xt = a is determined by: 
𝑁  Xt+δ = b   Xt = a}  
As discussed earlier, the positive and negative transition probabilities and expected speeds 
are calculated.  Hence, the frequencies of positive and negative transitions are required.  The 
frequencies are calculated using the following expressions. 
N
-
 (Xt, ε, δ) = 𝑁  Xt+δ = b   Xt = a} ∀ b < a − ε 
N
+
 (Xt, ε, δ) =  𝑁  Xt+δ = b   Xt = a} ∀ b > 𝑎 +  
Where, N
-
 (Xt, ε, δ) is the number of negative transitions, 
N
+
 (Xt, ε, δ) is the number of positive transitions, 





Table 2:  Snapshot of the station data file. 
 
APPENDIX) was written and executed to calculate the transition frequencies for each 
parameter in the station data file.  This function reads the station data files and calculates the 
frequency of change of each variable for a selected time horizon ‗δ‘. 
4. Next, the probabilities of traffic parameters changing from Xt to Xt+δ are determined.  The 
frequencies obtained from MATLAB output files are used to calculate the transition 
probabilities.  The transition probability of a variable is determined by the ratio of frequency 
of transition from Xt to Xt+δ to the total frequencies. The transition frequencies of negative and 
positive transitions are expressed in the following expressions, and hence are calculated from the 








{Xt, ε, δ} = 𝑃  Xt+δ = b < (Xt − ε)   Xt = a} 












{Xt, ε, δ} = 𝑃  Xt+δ = b > (Xt + ε)   Xt = a} 












{Xt, ε, δ} and P
+
{Xt, ε, δ} are the negative and positive transition probabilities, and 
N (Xt = a) = total number of observations with Xt = a. 
To perform this particular function the following SQL query was written and executed.  The 
query would create a table for the total frequencies. 
select Step, Station, Variable, X0, sum(X1*P) as E from Freq Group by Step, Station, Variable, 
X0 order by Step, Station, Variable, X0. 
 
5. The resulting transition probabilities that are calculated in the previous step are arranged in 
the form of matrices.  The following SQL query was executed to build a series of transition 
probabilities matrices which are later used to calculate cumulative probability distributions: 
SELECT Freq.step, Freq.station, Freq.Variable, Freq.X0, Freq.X1, Freq.N, sums.N as total, 
Freq.N/sums.N*1000 
FROM Freq 
left JOIN sums 
ON Freq.step=sums.step and Freq.station=sums.station and freq.variable=sums.variable and 
freq.x0=sums.x0 
6. Probability distribution function for negative speed transitions was determined as the 
cumulative sum of the negative transition probabilities at each speed value. 
P
-
(Xt, ε, δ) = 
( )
{ ( ) | }t t t
b a




     







(Xt, ε, δ) = 
( )
{ ( ) | }t t t
b a




     
The conditional expected values are calculated using the equations: 
E
-
(Xt, ε, δ) = 𝐸 𝑋𝑡+𝛿    𝑋𝑡+𝛿 < (𝑋𝑡 − )] 
= 
( )
( ) { ( ) | }t t t t
b a




       
E
+




(X ) { ( ) | }t t t
b a




       
Where, E
-
(Xt, ε, δ) is the expected speed after a negative transition and E
+
(Xt, ε, δ) is the 
expected speed after a positive transition. 
5.3 INITIAL OBSERVATIONS OF TRAFFIC CHARACTERISTICS 
To explore the various stochastic characteristics of traffic conditions, graphs are plotted and 
initial observations of the patterns created by the plots are studied.  The calculated conditional 
probability and conditional expected speed data was used for plotting the graphs.  The 
probability curves are plotted with current speeds against respective cumulative probabilities for 
each lane and station.  Figure 4 shows graphs of P
-
(Xt, ε, δ) and P
+
(Xt, ε, δ) curves for δ = 1, 2, 
10 and 20 for station 4.  Several graphs are obtained at each station and lane for different 
combinations of time horizons, ε and speed change. 
Sample graphs are illustrated followed by a brief description of general behavior of 
traffic conditions.  In a similar way, conditional expected speeds are also plotted.  Figure 5 
shows E
-
(Xt, ε, δ) and E
+
(Xt, ε, δ) curves for δ = 1, 2, 10 and 20 for station 4. 
The probability curves for different stations and lanes show almost similar patterns but 






Figure 4:  Cumulative probability curves for different time horizons. 
This indicates that freeway traffic exhibits certain characteristics that can be analyzed for 
better understanding of various traffic conditions.  In the sample graphs, the curves for P
-
(Xt, ε, 
δ) show that the probability of speed drop starts increasing from low speeds and reaches a peak 
value at speeds around 20 mph.  The curve reaches a minimum at speeds around 50 mph and 
then rises to a maximum at speeds above 75 mph. 
  In almost a complementary way, the curves for P
+
(Xt, ε, δ) show that the probability of 
speed increase is generally low in the ranges of 10 mph to 30 mph and high in the speeds of 40 






Figure 5:  Conditional expected speed curves for different time horizons. 
Low P
+
 is observed at high speeds and as a positive increase thereafter is rare.  Hence, 
from the graphs it can be observed that 10 mph to 35 mph is the range in which freeway traffic is 
more likely to undergo a breakdown and the maximum chances of traffic recovery is in the range 
of 40 mph to 60 mph. 
E
-
(Xt, ε, δ) and E
+




(Xt, ε, δ), the curves tend to bend downwards in the speed range of 40 mph to 60 
mph, which indicate a disruption of traffic conditions.  For E
+





upwards in the speed range of 15 mph to 35 mph, which indicates improvement of traffic 
conditions in that range. 
To understand the characteristics of traffic more clearly, expected change of speed which 
is the difference between the conditional expected speed and present speed was determined. 
The expected change can be positive or negative depending on the speed transition.  For 
instance, a negative speed transition results in a negative expected change and vice versa. 
Therefore,  
Negative expected change, EC
-
 (Xt, ε, δ) = 𝐸 𝑋𝑡+𝛿 − Xt  𝑋𝑡+𝛿 < (𝑋𝑡 − )] and 
Positive expected change, EC
+
 (Xt, ε, δ) = 𝐸 𝑋𝑡+𝛿 − Xt  𝑋𝑡+𝛿 > (𝑋𝑡 + )]. 
The values of expected change are plotted against present speed.  Figure 6 shows expected 
change curves for δ = 1, 2, 10 and 20.  The curves show the variation of expected speed changes 
at different speeds.  The expected change curves in the graphs for a negative transition show that 
the maximum drop in speed occurs in the speed range of 35 mph to 45 mph.  For a positive 
transition the maximum speed increase usually occurs in the range of 15 mph to 30 mph.  The 
curves indicate high chances of breakdown or recovery in the respective ranges. 
5.4 MODELING STOCHASTIC VARIATIONS OF TRAFFIC CONDITIONS 
One of the objectives of the research is to model the stochastic variations in traffic conditions 
over short time horizons.  Models were created for various time horizons. 
A description of the development of models and the parameters used for modeling traffic 
conditions is presented.  This section aims to develop functions to estimate cumulative 
probabilities of transition and future expected speeds for any given current speed.  Initial 





models.  The graphs derived reflect random behavior of the traffic conditions, and are non-linear 
in nature. 
 
Figure 6:  Expected change curves for different time horizons. 
Hence a nonlinear function approximation seems quite appropriate to model the data.  
Various models are created for each station and lane and time horizon. 
  The parameters used to model traffic conditions are the calculated conditional 
cumulative probabilities or conditional expected speeds as the dependent variable and the present 
speed as the independent variable.  The processed traffic speed data was then used to generate 





5.4.1 MODELING CONDITIONAL PROBABILITY DISTRIBUTION FUNCTIONS 
For cumulative probability distribution, a logistic model was fitted in which the 
cumulative probabilities of speed transition P would be estimated using the following equation: 




Where, y represents a polynomial equation of current speed (Xt) in the form: 
𝑦 =  𝑎0 + 𝑎1 ∗ 𝑥𝑡 + 𝑎2 ∗ 𝑥𝑡
2 + 𝑎3 ∗ 𝑥𝑡
3 + ⋯ + 𝑎𝑛 ∗ 𝑥𝑡
𝑛 , where, a0, a1, a2, a3 …. an are the 
coefficients.  To select the order of the polynomial equation, data was modeled with varying 
degrees of the polynomial equation for best fit.  The coefficient of determination, R
2
, which is 
the proportion of variability in a data set that is accounted for by a statistical model, was used.  In 
regression, R
2
 is a statistical measure of how well the regression model approximates the real 
data points.  An R
2
 of 1.0 indicates that the regression model perfectly fits the data.  SPSS 
software package was used to perform this operation.  Table 3 shows R
2
 values of the models 
with polynomial equations of second, third and fourth order for station 4 (other stations ref. 




 degree equations show high R
2 
values.  For the 
models, 3
rd







 degree equations was not significant.  Hence, to model the probability distribution curves, 
the following expression was used: 




Where, 𝑦 =  a + b ∗ 𝑥𝑡 + c ∗ 𝑥𝑡
2 + d ∗ 𝑥𝑡
3 with a, b, c and d as regression coefficients estimated 
in the calibration process. 





5.4.2 MODELING CONDITIONAL EXPECTANCIES 
From the initial observations of the conditional expected speed graphs, an exponential model was 
considered suitable to fit the curves and hence, the following equation was used for calibration: 
E = 𝑒𝑧  
Where z represents a polynomial equation in terms of current speed (Xt) and is of the form 
𝑧 =  𝑎0 + 𝑎1 ∗ 𝑥𝑡 + 𝑎2 ∗ 𝑥𝑡
2 + 𝑎3 ∗ 𝑥𝑡
3 + ⋯ + 𝑎𝑛 ∗ 𝑥𝑡
𝑛  where, a0, a1, a2, a3 …. an are the 
coefficients.  Polynomial equations with different degrees were modeled for best fit. 




 order polynomial 
equation would be appropriate to model expected speeds. 
Table 4 shows R
2
 values of expected speed prediction models with first and second order 
polynomial equation.  Second order equation for different lanes and ε has higher R
2
 values 
compared to first order equation.  Hence, a second degree polynomial equation was selected.  
Conditional expected speed was modeled using the expression: 
E = 𝑒𝑧  
Where 𝑧 = a + b ∗ 𝑥𝑡 + c ∗ 𝑥𝑡
2 with a, b and c as coefficients of estimation. 
Table 5 shows the R
2




(Xt,0,1) applied to all the stations. 
Table 5 shows consistently high values of R
2
. 
The stretch of freeway has two lanes in the initial and final stations which are connecting 
roads to the freeway.  Missing values for lane 3 at station 2 to 5 and stations 70 and 71 exist as 
there are two lanes at those locations.  From the table the values of R
2
 are considerably 
consistent.  Consistent values of R
2
 indicate that the traffic conditions can be reliably modeled at 





Table 3:  R
2
 values of P
-
(Xt, ε, δ) and P
+












Table 4:  R
2
 values of E
-
(Xt, ε, δ) and E
+










Table 5:  R
2
 values for P
-








Table 5:  (continued). 
 
5.5 PERFORMANCE MEASURE 
This section presents the statistical evaluation of the performance of the generated 
models. 
The coefficient of determination, R
2
, was used as a performance measure.  R
2
 values for 
probability distribution models and conditional expected speed models are obtained for different 
stations, lanes, δ and ε using SPSS.  Table 6 shows a snapshot of the R
2
 values for the regression 
models for station 4.  Evaluation of the regression models conducted showed reasonable 
approximation of the cumulative probability distributions and conditional future speed.  This 





from real-time traffic data. 
Table 6:  A snapshot of R
2













1 1 0 -1 0.925 0.970 
1 1 0 1 0.942 0.990 
1 1 5 -1 0.945 0.965 
1 1 5 1 0.923 0.983 
1 1 10 -1 0.888 0.961 
1 1 10 1 0.767 0.970 
1 2 0 -1 0.962 0.966 
1 2 0 1 0.963 0.966 
1 2 5 -1 0.923 0.979 
1 2 5 1 0.976 0.966 
1 2 10 -1 0.915 0.975 
1 2 10 1 0.935 0.958 
2 1 0 -1 0.940 0.958 
2 1 0 1 0.964 0.960 
2 1 5 -1 0.955 0.972 
 
5.6 EFFECT OF TIME HORIZON ON MODELING TRAFFIC CONDITIONS 
The time horizon refers to the time after which traffic prediction is made.  Depending on 
the various prevailing traffic conditions, for short-term traffic prediction applications, this period 
is typically limited to 30 min.  It is obvious that longer prediction horizons are expected to yield 
less accuracy than shorter prediction horizons due to the dynamic nature of traffic conditions and 
the increased likelihood of larger deviations from actual conditions.  In order to check the effect 
of time horizon on the probability distribution models and conditional expected speed models, 
minimum and maximum R
2





Table 9 show the minimum and maximum R
2
 values for ε = 0, ε = 5 and ε = 10 respectively.  The 
R
2
 values reveal the proportion of variability in modeling traffic conditions with the length of 
prediction horizon.  From the tables it can be seen that even as length of prediction horizon is 
increasing the range of R
2
 do not differ significantly.  This implies that the regression models are 
consistent for varying time horizons.  Consistent and high R
2
 values signify that the models are 
successful in modeling future traffic conditions accurately over longer time intervals. 
Table 7:  R
2
 for P and E for ε = 0 for different stations and δ. 
Station Time horizon 
R
2
 for P R
2
 for E 
Minimum Maximum Minimum Maximum 
4 1 0.925 0.963 0.966 0.990 
4 2 0.940 0.964 0.968 0.988 
4 10 0.938 0.971 0.944 0.966 
4 20 0.937 0.972 0.922 0.941 
38 1 0.894 0.929 0.896 0.987 
38 2 0.865 0.966 0.848 0.987 
38 10 0.851 0.953 0.855 0.989 
38 20 0.861 0.967 0.857 0.991 
53 1 0.828 0.951 0.907 0.977 
53 2 0.842 0.949 0.925 0.979 
53 10 0.829 0.939 0.904 0.983 
53 20 0.842 0.943 0.897 0.981 
58 1 0.852 0.949 0.711 0.992 
58 2 0.843 0.937 0.731 0.988 
58 10 0.889 0.937 0.750 0.983 
58 20 0.916 0.945 0.745 0.981 
5.7 SUMMARY 
To model and study the stochastic variations of traffic conditions, real-time freeway data was 
processed and the conditional cumulative probability distributions and conditional expected 
speed for different stations, lanes, δ and ε were determined.  Plots for P
 
(Xt, ε, δ), E
 
(Xt, ε, δ) and 
EC
 





Table 8:  R
2
 for P and E for ε = 5 for different stations and δ. 
Station Time horizon 
R
2
 for P R
2
 for E 
Minimum Maximum Minimum Maximum 
4 1 0.923 0.976 0.965 0.983 
4 2 0.945 0.974 0.97 0.985 
4 10 0.955 0.979 0.936 0.958 
4 20 0.945 0.985 0.906 0.939 
38 1 0.797 0.947 0.905 0.987 
38 2 0.770 0.966 0.891 0.991 
38 10 0.738 0.957 0.888 0.994 
38 20 0.771 0.975 0.890 0.995 
53 1 0.831 0.969 0.908 0.989 
53 2 0.852 0.946 0.924 0.984 
53 10 0.833 0.959 0.904 0.980 
53 20 0.844 0.965 0.898 0.976 
58 1 0.811 0.953 0.727 0.982 
58 2 0.872 0.949 0.745 0.974 
58 10 0.846 0.947 0.789 0.980 
58 20 0.842 0.964 0.805 0.980 
 
With the help of the initial observations of the plots, models were developed for 
conditional cumulative probability distributions and conditional expected speed.  R
2
 values of the 
models were used as a performance measure. 
Consistent high values of R
2
 imply that the models are capable of modeling traffic 
conditions for different stations.  The effect of time horizon on modeling traffic conditions was 
checked.  As discussed earlier, different time horizons were used in the study.  R
2
 values for 
different time horizons were considered.  The longest time horizons used in the study were 30 
sec, 1 min, 5 min and 10 min. 
The results showed that even as length of prediction horizon was increasing the range of 
R
2





Table 9:  R
2
 for P and E for ε = 10 for different stations and δ. 
Station Time horizon 
R
2
 for P R
2
 for E 
Minimum Maximum Minimum Maximum 
4 1 0.767 0.935 0.958 0.970 
4 2 0.845 0.968 0.960 0.978 
4 10 0.910 0.974 0.925 0.958 
4 20 0.887 0.981 0.896 0.943 
38 1 0.746 0.951 0.894 0.992 
38 2 0.756 0.973 0.915 0.993 
38 10 0.695 0.947 0.936 0.997 
38 20 0.673 0.968 0.938 0.997 
53 1 0.760 0.914 0.895 0.972 
53 2 0.802 0.938 0.916 0.979 
53 10 0.799 0.964 0.902 0.977 
53 20 0.797 0.972 0.888 0.975 
58 1 0.667 0.948 0.431 0.980 
58 2 0.803 0.966 0.654 0.973 
58 10 0.791 0.975 0.859 0.984 







6. RESULTS AND DISCUSSION 
6.1 INTRODUCTION 
In the study, the stochastic characteristics during breakdown and recovery exhibited by 
traffic on freeways are studied.  The findings of the study are presented in this section.  The 
results of the performance measure in the previous section showed the developed models could 
reasonably approximate the conditional cumulative probability distributions and conditional 
expected values of speed.  Using the conditional probability and conditional expected speed 
curves, existence of different states of traffic are discussed to improve our understanding of the 
stochastic characteristics of traffic conditions that exist on freeways.  The traffic states are then 
used to compare traffic characteristics by lane and by station. 
6.2 STOCHASTIC CHARACTERISTICS OF TRAFFIC USING 
CONDITIONAL PROBABILITY DISTRIBUTION FUNCTIONS 
To identify and understand the various characteristics of traffic, the conditional 
probability distribution functions are explored separately for ε = 0 mph and | ε | > 0. 
6.2.1 FOR ε = 0 mph 
P
-
(Xt, 0, δ) and P
+
(Xt, 0, δ) of four stations used in the study for different lanes and δ are 
illustrated in the following graphs.  The figures from 9 to 24 show the fitted conditional 
cumulative probability distribution curves for different combination of lane and δ. 
In the conditional cumulative probability distribution curves, the points of interest are 
those where P(Xt, ε, δ) reaches its maximum and minimum, as well as where P(Xt, ε, δ) is equal 






Figure 7:  P
-
(Xt, 0, 1) and P
+
(Xt, 0, 1) for right and left lanes of station 4. 
 
Figure 8:  P
-
(Xt, 0, 2) and P
+
(Xt, 0, 2) for right and left lanes of station 4. 
 
Figure 9:  P
-
(Xt, 0, 10) and P
+






Figure 10:  P
-
(Xt, 0, 20) and P
+
(Xt, 0, 20) for right and left lanes of station 4. 
 
Figure 11:  P
-
(Xt, 0, 1) and P
+
(Xt, 0, 1) for right, center and left lanes of station 38. 
 
Figure 12:  P
-
(Xt, 0, 2) and P
+
(Xt, 0, 2) for right, center and left lanes of station 38. 
 
Figure 13:  P
-
(Xt, 0, 10) and P
+






Figure 14:  P
-
(Xt, 0, 20) and P
+
(Xt, 0, 20) for right, center and left lanes of station 38. 
 
Figure 15:  P
-
(Xt, 0, 1) and P
+
(Xt, 0, 1) for right, center and left lanes of station 53. 
 
Figure 16:  P
-
(Xt, 0, 2) and P
+
(Xt, 0, 2) for right, center and left lanes of station 53. 
 
Figure 17:  P
-
(Xt, 0, 10) and P
+






Figure 18:  P
-
(Xt, 0, 20) and P
+
(Xt, 0, 20) for right, center and left lanes of station 53. 
 
Figure 19:  P
-
(Xt, 0, 1) and P
+
(Xt, 0, 1) for right, center and left lanes of station 58. 
 
Figure 20:  P
-
(Xt, 0, 2) and P
+
(Xt, 0, 2) for right, center and left lanes of station 58. 
 
Figure 21:  P
-
(Xt, 0, 10) and P
+






Figure 22:  P
-
(Xt, 0, 20) and P
+
(Xt, 0, 20) for right, center and left lanes of station 58. 
Using the observations from the graphs, for ε = 0 mph, P
-
(Xt, 0, δ) + P
+
(Xt, 0, δ) = 1.  
Hence, the different states of traffic are identified on P
-
(Xt, 0, δ) curve.  P
-
(Xt, 0, 1) curve of 
station 4 right lane is used to explain the traffic states and characteristics of traffic at these states.  
Figure 23 shows P
-
(Xt, 0, 1) curve for right lane for station 4 with five states of traffic and their 
corresponding speeds.  The five states of traffic are represented by A, B, C, D and E on the curve 
with Va, Vb, Vc, Vd and Ve as their corresponding speeds.  The five points on the curve denote 
different states of traffic conditions that are described as follows: 
State A:  State A is defined as a point where P
-
(Xt, 0, δ) = P
+
(Xt, 0, δ) = 0.5, at low speed ranges.  
So, at A the probability of speed increase or decrease is the same.  Va is the corresponding speed 
at which state A occurs.  If V > Va, P
-
(Xt, 0, δ) > 0.5 and speed tends to decrease.  If V < Va, P
-
(Xt, 
0, δ) < 0.5 (or P
+
(Xt, 0, δ) > 0.5) speed tends to increase.  Hence, this state represents stop-and-
go driving conditions. 
State B:  State B defines the point at which P
-
(Xt, 0, δ) attains a maximum value and Vb is speed 
at which state B occurs.  For, V < Vb, traffic conditions are moving towards state A.  For V > Vb, 
traffic conditions tend to move towards state B, and then towards state A.  At state B, traffic 
conditions appear to be moving towards stop-and-go conditions at relatively faster rate.  Traffic 






Figure 23:  P
-
(Xt, 0, 1) with different states of traffic. 
State C:  At state C, P
-
(Xt, 0, δ) = P
+
(Xt, 0, δ) = 0.5, traffic conditions are moving away from that 
state.  Vc is the corresponding speed at which state C occurs.  For V < Vc, P
-
(Xt, 0, δ) > 0.5 which 
implies that traffic conditions seem to deteriorate, leading to a probable breakdown.  For V > Vc, 
P
-
(Xt, 0, δ) < 0.5 which implies that traffic conditions seem to improve, leading to a probable 
recovery.  State C may imply separation between breakdown and recovery conditions. 
State D:  State D is defined by the point where P
-
(Xt, ε, δ) is minimum.  At state D, traffic has the 
least probability of speed decrease or highest probability of speed increase.  At this state, traffic 
reaches its maximum probability for recovery and traffic conditions are more likely to improve at 
the fastest rate.  For, V < Vd, traffic conditions are likely to move towards state D.  For V > Vd, 
traffic conditions are likely to move towards free-flow conditions. 
State E:  State E exists at the speed (Ve) at which equilibrium is reached.  For speeds above and 
below Ve, traffic conditions tend to move towards state E.  Ve represents free-flow speed and 





6.2.2 FOR | ε | > 0 
For | ε | > 0, P
-
(Xt, ε, δ) + P
+
(Xt, ε, δ) < 1.  This is because of the exclusion of the 
tolerance speed interval (-ε to +ε) when both probabilities are combined.  Hence, both the 
positive and negative probability curves are required for interpretation of traffic characteristics 
for | ε | > 0.  The curves for different stations, lanes and δ are shown next.  Figures from 26 to 41 
show conditional expected speed curves for the four stations. 
 
Figure 24:  P
-
(Xt, ε, 1) and P
+
(Xt, ε, 1) for ε = 5 and ε = 10 for station 4. 
 
Figure 25:  P
-
(Xt, ε, 2) and P
+







Figure 26:  P
-
(Xt, ε, 10) and P
+
(Xt, ε, 10) for ε = 5 and ε = 10 for station 4. 
 
Figure 27:  P
-
(Xt, ε, 20) and P
+
(Xt, ε, 20) for ε = 5 and ε = 10 for station 4. 
 
Figure 28:  P
-
(Xt, ε, 1) and P
+






Figure 29:  P
-
(Xt, ε, 2) and P
+
(Xt, ε, 2) for ε = 5 and ε = 10 for station 38. 
 
Figure 30:  P
-
(Xt, ε, 10) and P
+
(Xt, ε, 10) for ε = 5 and ε = 10 for station 38. 
 
Figure 31:  P
-
(Xt, ε, 20) and P
+
(Xt, ε, 20) for ε = 5 and ε = 10 for station 38. 
 
Figure 32:  P
-
(Xt, ε, 1) and P
+






Figure 33:  P
-
(Xt, ε, 2) and P
+
(Xt, ε, 2) for ε = 5 and ε = 10 for station 53. 
 
Figure 34:  P
-
(Xt, ε, 10) and P
+
(Xt, ε, 10) for ε = 5 and ε = 10 for station 53. 
 
Figure 35:  P
-
(Xt, ε, 20) and P
+
(Xt, ε, 20) for ε = 5 and ε = 10 for station 53. 
 
Figure 36:  P
-
(Xt, ε, 1) and P
+






Figure 37:  P
-
(Xt, ε, 2) and P
+
(Xt, ε, 2) for ε = 5 and ε = 10 for station 58. 
 
 
Figure 38:  P
-
(Xt, ε, 10) and P
+
(Xt, ε, 10) for ε = 5 and ε = 10 for station 58. 
 
Figure 39:  P
-
(Xt, ε, 20) and P
+
(Xt, ε, 20) for ε = 5 and ε = 10 for station 58. 
Points where P
-
(Xt, ε, δ) reaches a maximum and P
+
(Xt, ε, δ) reaches a maximum value 
can be identified on the conditional cumulative probability distribution curves.  P
-
(Xt, ε, δ) and 
P
+
(Xt, ε, δ) curves for station 4, right lane are shown for ε = 5 and ε = 10 to identify and describe 
the different traffic states.  State B, where the traffic has the maximum probability to deteriorate 
is represented by maximum value on P
-





probability of recovery is represented by maximum value on P
+
(Xt, ε, δ) curve.  Figure 40 shows 
P
-
(Xt, ε, δ) with the traffic state B for ε = 5 and 10, and Figure 41 shows the traffic state D for ε = 
5 and 10 on P
+
(Xt, ε, δ) for station 4 with their corresponding speeds Vb and Vd. 
 
Figure 40:  P
-
(Xt, ε, δ) for ε = 5 mph and ε = 10 mph. 
 
Figure 41:  P
+
(Xt, ε, δ) for ε = 5 mph and ε = 10 mph. 




(Xt, ε, δ) and EC
+
(Xt, ε, δ) of four stations used in the study for different lanes are 
illustrated in the following graphs.  The figures from 42 to 57 show the conditional expected 
change curves for different combination of lane, ε and δ. On the EC
- 
(Xt, ε, δ) and EC
+
 (Xt, ε, δ) 






Figure 42:  EC
-
(Xt, ε, 1) and EC
+
(Xt, ε, 1) for different ε for station 4. 
 
Figure 43:  EC
-
(Xt, ε, 2) and EC
+
(Xt, ε, 2) for different ε for station 4. 
 
Figure 44:  EC
-
(Xt, ε, 10) and EC
+






Figure 45:  EC
-
(Xt, ε, 20) and EC
+
(Xt, ε, 20) for different ε for station 4. 
 
Figure 46:  EC
-
(Xt, ε, 1) and EC
+
(Xt, ε, 1) for different ε for station 38. 
 
Figure 47:  EC
-
(Xt, ε, 2) and EC
+
(Xt, ε, 2) for different ε for station 38. 
 
Figure 48:  EC
-
(Xt, ε, 10) and EC
+






Figure 49:  EC
-
(Xt, ε, 20) and EC
+
(Xt, ε, 20) for different ε for station 38. 
 
Figure 50:  EC
-
(Xt, ε, 1) and EC
+
(Xt, ε, 1) for different ε for station 53. 
 
Figure 51:  EC
-
(Xt, ε, 2) and EC
+
(Xt, ε, 2) for different ε for station 53. 
 
Figure 52:  EC
-
(Xt, ε, 10) and EC
+






Figure 53:  EC
-
(Xt, ε, 20) and EC
+
(Xt, ε, 20) for different ε for station 53. 
 
Figure 54:  EC
-
(Xt, ε, 1) and EC
+
(Xt, ε, 1) for different ε for station 58. 
 
Figure 55:  EC
-
(Xt, ε, 2) and EC
+
(Xt, ε, 2) for different ε for station 58. 
 
Figure 56:  EC
-
(Xt, ε, 10) and EC
+






Figure 57:  EC
-
(Xt, ε, 20) and EC
+
(Xt, ε, 20) for different ε for station 58. 
The point of maximum speed drop indicates that the traffic deteriorates at a high rate and 
the point of maximum speed increase indicates the traffic at highest recovery rate.  The EC
-
 (Xt, 
ε, δ) and EC
+
 (Xt, ε, δ) curves at station 4, right lane are illustrated to explain the traffic states.  
Figure 58 shows positive and negative expected change curves for station 4 with the traffic states 
and their corresponding speeds. 
 
Figure 58:  EC
-
 (Xt, ε, δ) and EC
+
 (Xt, ε, δ) with traffic states B and D. 
The states of maximum speed drop and increase can be identified on EC
-
 (Xt, ε, δ) and 
EC
+
 (Xt, ε, δ) respectively.  On the EC
-
 (Xt, ε, δ) curve, the traffic state B is represented by the 
point with the maximum speed drop.  On EC
+





traffic with maximum speed increase.  The speeds at which the different traffic states are 
observed, give a suggestion of the speed range in which the traffic is most likely to undergo stop-
and-go conditions, breakdown or recovery and also when traffic reaches free-flow conditions.  
Table 10 shows the mean and standard deviation values of speeds at which the five states of 
traffic are observed at different stations, lanes and time horizons.  From the values in Table 10, 
for station 4, stop-and-go conditions are observed in the range of 11 mph to 13 mph, breakdown 
is most likely at 24 mph, recovery is observed in the range of 48 mph to 51 mph and free flow 
conditions are observed at 64 mph.  For station 38, stop-and-go conditions are observed at 15 
mph, breakdown and recovery are most likely in the ranges of 25 mph to 29 mph and 43 mph to 
45 mph respectively and free flow conditions are observed around 56 mph.  For station 53, stop-
and-go conditions are observed in the range of 16 mph to 20 mph, breakdown and recovery are 
most likely in the ranges of 26 mph to 28 mph and 44 mph to 50 mph respectively and free flow 
conditions are observed in the range of 59 mph to 67 mph.  For station 58, stop-and-go 
conditions are observed in the range of 17 mph to 19 mph, breakdown and recovery are most 
likely around 24 mph and 50 mph respectively and free flow conditions are observed in the range 
of 59 mph to 61 mph.  Consistent speeds and low values of standard deviation indicate similar 
characteristics regardless of location.  Missing values are due to the low magnitudes of the 
cumulative probability at some stations and lanes. 
From the EC
-
 (Xt, ε, δ) and EC
+
 (Xt, ε, δ) curves the maximum speed changes are noted 
and, Vb and Vd for different stations, lanes and time horizons are obtained.  Table 11 shows the 
mean and standard deviation for maximum expected speed drop or increase and, Vb and Vd. for 
the four stations. For station 4, the maximum speed drop and increase are observed in the ranges 










Va (mph) Vb (mph) Vc (mph) Vd (mph) Ve (mph) 
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 
4 1 11 0.00 24 2.88 31 0.00 51 3.44 68 3.54 
4 2 12 1.41 24 3.21 31 4.24 50 4.12 68 2.83 
4 10 12 0.00 24 3.19 24 3.60 49 4.23 68 3.54 
4 20 13 0.00 24 3.60 29 3.54 48 5.15 68 3.54 
38 1 15 2.83 25 3.33 33 6.36 44 5.77 57 5.86 
38 2     28 4.52     45 4.24 57 2.89 
38 10     25 10.53     45 4.95 56 4.36 
38 20     29 3.55     43 4.24 56 3.61 
53 1 16 0.58 26 1.86 39 0.00 50 5.76 67 0.58 
53 2 17 0.58 26 2.40 33 3.06 47 6.53 65 2.89 
53 10 20 2.12 27 2.69 29 2.12 46 4.50 62 2.31 
53 20     28 3.22     44 4.45 59 0.58 
58 1 19 2.64 24 1.30 27 3.21 51 3.27 61 2.89 
58 2 17 0.00 23 1.51 28 0.00 50 2.65 59 2.31 
58 10     24 1.72     50 4.27 60 2.65 
58 20     24 2.09     50 4.80 59 0.71 
 
For station 38, the maximum speed drop and increase are observed in the ranges of 25 
mph to 27 mph and 30 mph to 40 mph respectively. 
For station 53, the maximum speed drop and increase are observed in the ranges of 28 
mph to 36 mph and 31 mph to 43 mph respectively. 
For station 58, the maximum speed drop and increase are observed in the ranges of 30 
mph to 31 mph and 30 mph to 43 mph respectively. 
The values in the table show that the maximum speed drop and increase are observed in similar 
ranges for all stations.  This implies similar characteristics of traffic are observed using EC
-
 (Xt, 
ε, δ) and EC
+
 (Xt, ε, δ) curves at any location. 









Maximum drop in speed 
(mph) 
Speed at max. drop 
(mph) 
Maximum increase in 
speed (mph) 
Speed at max. 
increase (mph) 
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 
4 1 11.84 2.25 28.17 3.13 17.55 2.73 46.17 2.71 
4 2 18.10 2.00 35.33 3.78 22.30 2.12 38.67 5.50 
4 10 18.10 2.00 35.33 3.78 22.30 2.12 38.67 5.50 
4 20 21.35 2.81 41.33 5.16 24.91 3.16 39.50 5.28 
38 1 12.02 3.81 25.89 3.62 9.44 4.06 40.22 12.19 
38 2 12.12 3.68 26.56 4.67 11.27 4.54 30.00 0.00 
38 10 12.44 3.52 26.11 2.85 12.49 3.51 30.00 0.00 
38 20 12.60 3.49 27.22 2.68 13.13 3.26 30.00 0.00 
53 1 12.77 3.71 29.11 3.48 13.15 4.71 35.44 8.41 
53 2 13.28 3.39 28.89 3.22 13.34 4.54 34.89 7.62 
53 10 15.45 3.62 34.33 5.07 16.53 3.85 32.33 4.39 
53 20 16.40 3.87 36.67 6.52 18.34 3.98 31.11 2.42 
58 1 15.33 9.04 31.33 11.12 13.07 5.43 43.33 15.81 
58 2 14.20 6.61 30.89 10.71 14.10 5.41 36.67 13.23 
58 10 13.88 4.47 31.22 6.40 16.34 3.62 30.00 0.00 
58 20 14.31 4.49 31.89 6.41 18.11 3.01 30.00 0.00 
 
6.4 TRAFFIC CHARACTERISTICS BY LANE 
Using the different traffic states the characteristics of traffic at different lanes are 
compared.  The speeds at which the five different traffic states are observed for each lane are 
plotted. 
Figure 59 graphically shows Va, Vb, Vc, Vd and Ve for left, center and right lane for the 
study stations.  The graph shows the speed ranges in which the different states of traffic for 
different lanes for the stations. 
The graph shows variations in traffic characteristics in different lanes.  It can be seen that 
the speed range at which the traffic states occur for the three lanes are almost similar.  This 






Figure 59:  Lane-by-lane comparison of traffic characteristics. 
6.5 TRAFFIC CHARACTERISTICS BY STATION 
Traffic characteristics at different stations are compared by plotting the speeds of the 
different traffic states for each station.  Figure 60 shows the speeds at which the traffic states are 
observed for different stations.  Va, Vb, and Vc for the stations occur in similar speed ranges and 
indicate breakdown conditions for different stations.  Vd and Ve show the speeds at which 
maximum recovery and free flow conditions are attained.  The traffic states for all the stations 
fall within a reasonable range.  The variations are obvious as station locations vary in geometric 
design, presence of on-ramps and off-ramps, capacity characteristics, location of major cities at a 
particular freeway section etc. 
6.6 SUMMARY 
The stochastic characteristics of traffic are first explained using the conditional 
cumulative probability curves and then using conditional expected speed curves. Five prominent 






Figure 60:  Speeds of traffic states for different stations. 
The characteristics of traffic while in these states were discussed.  The speeds at which 
different traffic states were observed suggest the speed ranges in which stop-and-go conditions, 
breakdown or recovery and also free-flow conditions most likely occur for different stations.  






7. SUMMARY AND CONCLUSIONS 
7.1 STUDY SUMMARY 
Understanding traffic characteristics and modeling short-term traffic conditions on 
freeways and major arterials has become increasingly important because of their vital role in 
influencing various traveler trip decisions and traffic management functions.  The research 
presented a probabilistic approach to develop a set of models to study the stochastic 
characteristics of traffic during breakdown and recovery periods. 
The data for the study was collected from a 40-mile segment of Interstate - 4, in Orlando, 
Florida.  The stretch of freeway was instrumented with a total of 71 dual loop detector stations 
that are spaced at nearly 0.5 miles apart and that stream data every 30 seconds.  The collected 
data was used to calculate conditional probabilities of speed transitions and then to determine the 
future expected values of the traffic parameters. 
In this research, speed was used to define current and future states of traffic.  The 
probabilities of transition of a parameter from one state to another were used to calculate 
conditional cumulative probability distribution of positive and negative transitions and also the 
conditional expected values of speed after the transition.  Cumulative probability distribution and 
conditional expected speed models were developed to assist in forecasting stochastic variations 
of traffic conditions.  Conditional probability and conditional expected speed curves were used to 
explore the dynamic characteristics of traffic conditions, and deepen our understanding of the 
breakdown and recovery phases.  Various time horizons were considered in the research.  The 
time horizons chosen were 30 sec, 1 min, 5 min and 10 min.  Traffic characteristics evolving 






The main objective of the research was to study the various stochastic characteristics of traffic 
during breakdown and recovery.  In this research, a probabilistic method was applied to real time 
data collected on freeway.  The study proposed a new methodology to examine traffic conditions 
using conditional probability of breakdown or recovery and the conditional expected speed 
value. 
Models were developed for conditional cumulative probabilities and conditional expected 




, where, 𝑦 =  a + b ∗ 𝑥𝑡 + c ∗ 𝑥𝑡
2 + d ∗ 𝑥𝑡
3 with a, b, c and d as regression 
coefficients was fitted to model the probability distributions and conditional expected speed was 
modeled using the expression: E = 𝑒𝑧  where 𝑧 = a + b ∗ 𝑥𝑡 + c ∗ 𝑥𝑡
2 with a, b and c as 
coefficients of estimation.  High R
2
 values for different stations indicate that the stochastic 
variations of freeway traffic were reasonably modeled.  The analysis of R
2 
of the models for 
various time horizons shows that the traffic conditions are modeled accurately and reliably over a 
time of 10 min.  From the probability and expected speed change curves, five prominent states of 
traffic were recognized that describe the different characteristics of traffic during breakdown and 
recovery conditions.  The different traffic states provide an insight in improving our 
understanding of stochastic characteristics of traffic conditions. 
At state A stop-and-go conditions are observed.  At state B, traffic is most likely to 
undergo breakdown.  State C separates breakdown from recovery conditions.  At state D traffic 
reaches its maximum probability for recovery.  State E indicates free flow conditions.  For 





move towards stop-and-go conditions.  Whereas for speeds higher than that in state C, traffic 
conditions are more likely to improve and traffic tends to move towards free-flow conditions. 
These five different states describe the different characteristics of traffic while in that 
state and also provide an idea of the behavior of traffic conditions during the transition periods 
from breakdown to recovery.  The speeds at which the different traffic states are observed, give a 
suggestion of the speed range in which the traffic is most likely to undergo stop-and-go 
conditions or, breakdown or recovery and also when traffic reaches free-flow conditions.  
Consistent speed values of the traffic states showed similar characteristics at any location.  
Comparisons of the characteristics of traffic states for different lanes and different stations were 
made.  The characteristics of traffic conditions observed for different lanes at the stations do not 
show any major differences among the lanes.  Comparison of traffic characteristics at different 
stations show that traffic states occur within reasonable ranges among the stations with slight 
variations due to the differences in roadway characteristics for different locations. 
7.3 FUTURE RESEARCH / APPLICATIONS 
 The research has shed light on the characteristics of traffic breakdown and recovery.  A 
methodology to model and study short-term traffic conditions for varying time horizons 
has been presented.  Understanding the behavior of traffic at different states can help in 
improving short-term traffic prediction methods. 
 In the present research, the time horizons chosen were 30 sec, 1 min, 5 min and 10 min.  
Future work can be done to model and study traffic conditions over different time 






 The research assumes traffic to be independent of time.  But, in further studies the time 
factor can be included in the traffic models to preserve the dynamic nature of traffic 
conditions i.e. P (Xt, ε, δ, T).can predict the cumulative probability of change for a speed 
Xt, with a tolerance of speed change of ε, over a time horizon δ and a particular time or 
time interval of the day T. 
 Data collected at a different time period from the same stations can be used to check the 
performance of the models. 
 The methodology provided in the research may be applied to freeway data collected at 
different test sites to check the transferability of the model. 
 In the present study, the parameter –speed was used to define and study the different 
characteristics of traffic breakdown and recovery.  Future studies can be done using the 
other traffic parameters –volume and occupancy or a combination of the three traffic 
parameters. 
 Data filtering techniques can be developed to check if data is erroneous.  This may be 
done by investigating the probability or expected values for different speed change 
tolerance (ε).  High variations in the probability values among ε for corresponding speed 
values indicate errors in the data collected. 
 Traffic breakdown occurs due to recurrent and non-recurrent conditions.  With the help of 
the findings in the study, future work may be conducted to identify between recurrent and 
non-recurrent conditions and distinguish the most probable cause of breakdown.  
Incidents are potential causes of traffic breakdowns, and by identifying the breakdown 





 The methodology can be applied to a software module that runs in real time using the 
freeway data sensors.  This can help traffic management systems to understand the 
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APPENDIX:  TRAFFIC DATA TABLES 
Table A - 1:  MATLAB function executed to calculate the transition frequencies for each 
parameter in the station data file. 
% function used to calculate the transition probabilities for all stations 
% at once 
function transall(step) 
% there are 20 values to read in each row 
% Timestamp, ELS, ECS, ERS, WLS, WCS, WRS, ELV, ECV, ERV, WLV, WCV, WRV, 
% ELO, ECO, ERO, WLO, WCO, WRO, MDS 





filename = strcat('S',num2str(station),'.txt'); 
  
% Find out how many rows we have in the file 
disp('Reading IDs....'); 
ids = dlmread(filename, ',', 0, 19); 





% read data one column at a time from 1 to 18 
for c = 1:18 
% Initialize the frequency matrix N 
% Each matrix has 18 layers, one for each lane and variable 
N = zeros(100,100); 
    disp(strcat('Reading data for column...',num2str(c))); 
    x = dlmread(filename, ',', [0 c Nrows-1 c]); 
     
    for r = 1:Nrows-step 
        %if mod(r,10000) == 0 
            %disp(strcat('Processing row ',num2str(r)));  
        %end 
        % Is the difference in MDS = step size? 
        % we have to scan all rows from r+1 to r+step 
        check = false; 
        for subr = r + step:-1:r 
            if round(ids(subr,1) - ids(r,1)) == step 
                % get values 
                x0 = round(x(r,1)); 
                x1 = round(x(subr,1)); 
                check = true; 






            end 
        end 
        if check  
            % this is a valid record 
            % Validate data 
            if x0 <= 99 && x1 <= 99 
                % reasonable values 
                N(x0+1,x1+1) = N(x0+1,x1+1) + 1; 
            end 
        end 
    end 
    % Rearrange data for database format 
    r = 1; 
    for x0=1:size(N,1) 
        for x1=1:size(N,2) 
            if N(x0,x1) > 0  
                y(r,:) = [step station c x0-1 x1-1 N(x0,x1)]; 
                r = r+1; 
            end 
        end 
    end 
    % Write to a file 
    dlmwrite(outputfile,y, 'delimiter', ',', '-append'); 




Table A - 2. 1:  R2 values for P(Xt,ε,δ) and E(Xt,ε,δ) models for different degrees for station 38 
Station Time horizon Lane ε Change 
R
2
 for P 
2
nd
 order  
R
2
 for P 
3
rd
 order  
R
2
 for P 
4
th
 order  
R
2
 for E 
1
st
 order  
R
2
 for E 
2
nd
 order   
38 1 1 0 -1 0.135 0.906 0.895 0.881 0.979 
38 1 1 0 1 0.166 0.921 0.915 0.950 0.981 
38 1 1 5 -1 0.098 0.884 0.889 0.873 0.971 
38 1 1 5 1 0.461 0.900 0.906 0.961 0.987 
38 1 1 10 -1 0.457 0.816 0.838 0.799 0.894 
38 1 1 10 1 0.662 0.883 0.881 0.966 0.992 
38 1 2 0 -1 0.661 0.901 0.878 0.846 0.987 
38 1 2 0 1 0.408 0.894 0.868 0.933 0.958 
38 1 2 5 -1 0.556 0.905 0.876 0.824 0.969 
38 1 2 5 1 0.536 0.797 0.759 0.949 0.967 
38 1 2 10 -1 0.485 0.863 0.841 0.837 0.961 
38 1 2 10 1 0.613 0.746 0.723 0.918 0.922 






Station Time horizon Lane ε Change 
R
2
 for P 
2
nd
 order  
R
2
 for P 
3
rd
 order  
R
2
 for P 
4
th
 order  
R
2
 for E 
1
st
 order  
R
2
 for E 
2
nd
 order   
38 1 3 0 1 0.709 0.929 0.925 0.895 0.896 
38 1 3 5 -1 0.701 0.947 0.949 0.824 0.956 
38 1 3 5 1 0.752 0.896 0.889 0.902 0.905 
38 1 3 10 -1 0.655 0.951 0.947 0.861 0.959 
38 1 3 10 1 0.766 0.811 0.800 0.881 0.896 
38 2 1 0 -1 0.556 0.865 0.856 0.869 0.979 
38 2 1 0 1 0.561 0.877 0.872 0.979 0.987 
38 2 1 5 -1 0.144 0.770 0.733 0.868 0.975 
38 2 1 5 1 0.785 0.893 0.897 0.985 0.991 
38 2 1 10 -1 0.283 0.756 0.735 0.854 0.965 
38 2 1 10 1 0.877 0.902 0.901 0.986 0.993 
38 2 2 0 -1 0.768 0.935 0.926 0.856 0.981 
38 2 2 0 1 0.704 0.939 0.927 0.925 0.925 
38 2 2 5 -1 0.605 0.933 0.920 0.841 0.969 
38 2 2 5 1 0.805 0.770 0.906 0.925 0.928 
38 2 2 10 -1 0.471 0.893 0.910 0.846 0.965 
38 2 2 10 1 0.847 0.756 0.883 0.902 0.915 
38 2 3 0 -1 0.835 0.902 0.955 0.819 0.961 
38 2 3 0 1 0.843 0.935 0.969 0.701 0.848 
38 2 3 5 -1 0.793 0.939 0.966 0.821 0.954 
38 2 3 5 1 0.874 0.933 0.955 0.740 0.891 
38 2 3 10 -1 0.761 0.913 0.956 0.837 0.947 
38 2 3 10 1 0.907 0.919 0.921 0.806 0.954 
38 10 1 0 -1 0.606 0.891 0.845 0.879 0.978 
38 10 1 0 1 0.612 0.959 0.861 0.979 0.989 
38 10 1 5 -1 0.157 0.966 0.726 0.873 0.972 
38 10 1 5 1 0.844 0.966 0.901 0.988 0.994 
38 10 1 10 -1 0.125 0.958 0.701 0.859 0.964 
38 10 1 10 1 0.919 0.973 0.921 0.992 0.997 
38 10 2 0 -1 0.774 0.927 0.929 0.871 0.984 
38 10 2 0 1 0.707 0.851 0.923 0.926 0.927 
38 10 2 5 -1 0.638 0.863 0.931 0.849 0.966 
38 10 2 5 1 0.854 0.738 0.933 0.937 0.938 
38 10 2 10 -1 0.442 0.900 0.933 0.855 0.964 
38 10 2 10 1 0.911 0.695 0.918 0.924 0.936 
38 10 3 0 -1 0.858 0.921 0.950 0.826 0.958 






Station Time horizon Lane ε Change 
R
2
 for P 
2
nd
 order  
R
2
 for P 
3
rd
 order  
R
2
 for P 
4
th
 order  
R
2
 for E 
1
st
 order  
R
2
 for E 
2
nd
 order   
38 10 3 5 -1 0.806 0.930 0.961 0.830 0.952 
38 10 3 5 1 0.900 0.928 0.943 0.752 0.888 
38 10 3 10 -1 0.745 0.938 0.959 0.835 0.943 
38 10 3 10 1 0.935 0.921 0.942 0.799 0.940 
38 20 1 0 -1 0.639 0.922 0.855 0.882 0.977 
38 20 1 0 1 0.651 0.953 0.872 0.980 0.991 
38 20 1 5 -1 0.207 0.952 0.762 0.875 0.971 
38 20 1 5 1 0.857 0.957 0.910 0.988 0.995 
38 20 1 10 -1 0.082 0.947 0.686 0.861 0.964 
38 20 1 10 1 0.929 0.945 0.929 0.992 0.997 
38 20 2 0 -1 0.768 0.861 0.925 0.854 0.970 
38 20 2 0 1 0.756 0.872 0.940 0.928 0.928 
38 20 2 5 -1 0.643 0.771 0.943 0.854 0.966 
38 20 2 5 1 0.878 0.910 0.925 0.943 0.943 
38 20 2 10 -1 0.465 0.673 0.938 0.857 0.961 
38 20 2 10 1 0.905 0.929 0.906 0.940 0.948 
38 20 3 0 -1 0.872 0.935 0.961 0.831 0.958 
38 20 3 0 1 0.876 0.946 0.971 0.738 0.857 
38 20 3 5 -1 0.810 0.941 0.969 0.834 0.953 
38 20 3 5 1 0.916 0.932 0.974 0.760 0.890 
38 20 3 10 -1 0.748 0.955 0.965 0.835 0.942 
38 20 3 10 1 0.949 0.968 0.965 0.802 0.938 
 
Table A - 2. 2:  R2 values for P(Xt,ε,δ) and E(Xt,ε,δ) models for different degrees for station 53 
Station Time horizon Lane ε Change 
R
2
 for P 
2
nd
 order  
R
2
 for P 
3
rd
 order  
R
2
 for P 
4
th
 order  
R
2
 for E 
1
st
 order  
R
2
 for E 
2
nd
 order   
53 1 1 0 -1 0.176 0.944 0.957 0.898 0.963 
53 1 1 0 1 0.279 0.950 0.965 0.884 0.918 
53 1 1 5 -1 0.209 0.889 0.916 0.884 0.954 
53 1 1 5 1 0.305 0.969 0.957 0.886 0.926 
53 1 1 10 -1 0.414 0.760 0.793 0.884 0.957 
53 1 1 10 1 0.437 0.914 0.886 0.885 0.919 
53 1 2 0 -1 0.321 0.928 0.905 0.898 0.977 
53 1 2 0 1 0.375 0.951 0.937 0.881 0.907 
53 1 2 5 -1 0.137 0.937 0.933 0.882 0.963 






Station Time horizon Lane ε Change 
R
2
 for P 
2
nd
 order  
R
2
 for P 
3
rd
 order  
R
2
 for P 
4
th
 order  
R
2
 for E 
1
st
 order  
R
2
 for E 
2
nd
 order   
53 1 2 10 -1 0.012 0.872 0.888 0.895 0.962 
53 1 2 10 1 0.699 0.848 0.820 0.889 0.895 
53 1 3 0 -1 0.571 0.828 0.819 0.854 0.975 
53 1 3 0 1 0.600 0.864 0.857 0.931 0.932 
53 1 3 5 -1 0.440 0.833 0.829 0.888 0.989 
53 1 3 5 1 0.727 0.831 0.828 0.935 0.936 
53 1 3 10 -1 0.297 0.813 0.810 0.874 0.972 
53 1 3 10 1 0.762 0.808 0.806 0.932 0.938 
53 2 1 0 -1 0.196 0.922 0.952 0.887 0.955 
53 2 1 0 1 0.219 0.905 0.946 0.890 0.924 
53 2 1 5 -1 0.209 0.867 0.904 0.891 0.956 
53 2 1 5 1 0.323 0.946 0.964 0.888 0.924 
53 2 1 10 -1 0.456 0.802 0.833 0.894 0.957 
53 2 1 10 1 0.485 0.938 0.922 0.884 0.916 
53 2 2 0 -1 0.347 0.913 0.901 0.883 0.968 
53 2 2 0 1 0.424 0.949 0.954 0.900 0.941 
53 2 2 5 -1 0.128 0.917 0.929 0.893 0.970 
53 2 2 5 1 0.653 0.945 0.935 0.909 0.941 
53 2 2 10 -1 0.015 0.886 0.910 0.894 0.970 
53 2 2 10 1 0.777 0.909 0.890 0.915 0.928 
53 2 3 0 -1 0.616 0.842 0.839 0.861 0.977 
53 2 3 0 1 0.643 0.886 0.886 0.962 0.979 
53 2 3 5 -1 0.448 0.852 0.850 0.861 0.977 
53 2 3 5 1 0.780 0.874 0.877 0.981 0.984 
53 2 3 10 -1 0.269 0.848 0.843 0.874 0.979 
53 2 3 10 1 0.762 0.806 0.809 0.963 0.963 
53 10 1 0 -1 0.253 0.924 0.951 0.895 0.932 
53 10 1 0 1 0.257 0.898 0.943 0.833 0.904 
53 10 1 5 -1 0.294 0.865 0.902 0.892 0.925 
53 10 1 5 1 0.395 0.959 0.976 0.832 0.904 
53 10 1 10 -1 0.522 0.799 0.824 0.895 0.926 
53 10 1 10 1 0.627 0.964 0.949 0.840 0.902 
53 10 2 0 -1 0.354 0.908 0.896 0.898 0.951 
53 10 2 0 1 0.435 0.939 0.945 0.876 0.917 
53 10 2 5 -1 0.122 0.906 0.922 0.910 0.956 
53 10 2 5 1 0.690 0.953 0.944 0.899 0.923 






Station Time horizon Lane ε Change 
R
2
 for P 
2
nd
 order  
R
2
 for P 
3
rd
 order  
R
2
 for P 
4
th
 order  
R
2
 for E 
1
st
 order  
R
2
 for E 
2
nd
 order   
53 10 2 10 1 0.815 0.935 0.921 0.917 0.924 
53 10 3 0 -1 0.678 0.829 0.831 0.876 0.975 
53 10 3 0 1 0.708 0.879 0.885 0.983 0.983 
53 10 3 5 -1 0.469 0.833 0.842 0.889 0.976 
53 10 3 5 1 0.834 0.886 0.889 0.976 0.980 
53 10 3 10 -1 0.164 0.819 0.830 0.900 0.977 
53 10 3 10 1 0.901 0.916 0.917 0.953 0.961 
53 20 1 0 -1 0.259 0.916 0.947 0.893 0.920 
53 20 1 0 1 0.268 0.895 0.938 0.810 0.900 
53 20 1 5 -1 0.321 0.859 0.892 0.881 0.907 
53 20 1 5 1 0.438 0.965 0.977 0.812 0.898 
53 20 1 10 -1 0.560 0.797 0.820 0.877 0.903 
53 20 1 10 1 0.660 0.972 0.957 0.819 0.888 
53 20 2 0 -1 0.390 0.913 0.900 0.906 0.948 
53 20 2 0 1 0.477 0.943 0.953 0.864 0.897 
53 20 2 5 -1 0.149 0.904 0.924 0.905 0.942 
53 20 2 5 1 0.707 0.943 0.931 0.895 0.911 
53 20 2 10 -1 0.023 0.865 0.896 0.910 0.943 
53 20 2 10 1 0.842 0.919 0.905 0.923 0.923 
53 20 3 0 -1 0.672 0.842 0.839 0.883 0.975 
53 20 3 0 1 0.729 0.894 0.889 0.980 0.981 
53 20 3 5 -1 0.501 0.884 0.854 0.891 0.974 
53 20 3 5 1 0.861 0.916 0.919 0.966 0.976 
53 20 3 10 -1 0.196 0.831 0.846 0.901 0.975 
53 20 3 10 1 0.900 0.908 0.908 0.944 0.956 
 
Table A - 2. 3:  R2 values for P(Xt,ε,δ) and E(Xt,ε,δ) models for different degrees for station 58 
Station Time horizon Lane ε Change 
R
2
 for P 
2
nd
 order  
R
2
 for P 
3
rd
 order  
R
2
 for P 
4
th
 order  
R
2
 for E 
1
st
 order  
R
2
 for E 
2
nd
 order   
58 1 1 0 -1 0.354 0.921 0.929 0.878 0.969 
58 1 1 0 1 0.363 0.912 0.940 0.422 0.733 
58 1 1 5 -1 0.016 0.811 0.855 0.887 0.935 
58 1 1 5 1 0.517 0.861 0.895 0.441 0.785 
58 1 1 10 -1 0.278 0.667 0.707 0.463 0.465 
58 1 1 10 1 0.698 0.890 0.900 0.540 0.831 






Station Time horizon Lane ε Change 
R
2
 for P 
2
nd
 order  
R
2
 for P 
3
rd
 order  
R
2
 for P 
4
th
 order  
R
2
 for E 
1
st
 order  
R
2
 for E 
2
nd
 order   
58 1 2 0 1 0.376 0.947 0.960 0.580 0.711 
58 1 2 5 -1 0.064 0.881 0.893 0.866 0.946 
58 1 2 5 1 0.550 0.953 0.965 0.604 0.727 
58 1 2 10 -1 0.434 0.742 0.771 0.424 0.431 
58 1 2 10 1 0.655 0.936 0.934 0.715 0.79 
58 1 3 0 -1 0.239 0.852 0.842 0.931 0.992 
58 1 3 0 1 0.371 0.909 0.896 0.889 0.889 
58 1 3 5 -1 0.525 0.923 0.916 0.913 0.982 
58 1 3 5 1 0.419 0.894 0.912 0.891 0.892 
58 1 3 10 -1 0.826 0.948 0.949 0.909 0.980 
58 1 3 10 1 0.511 0.891 0.910 0.870 0.873 
58 2 1 0 -1 0.256 0.896 0.926 0.893 0.973 
58 2 1 0 1 0.268 0.885 0.925 0.652 0.894 
58 2 1 5 -1 0.058 0.876 0.892 0.888 0.950 
58 2 1 5 1 0.610 0.921 0.945 0.612 0.928 
58 2 1 10 -1 0.358 0.803 0.842 0.653 0.654 
58 2 1 10 1 0.834 0.966 0.968 0.679 0.95 
58 2 2 0 -1 0.268 0.937 0.956 0.882 0.971 
58 2 2 0 1 0.275 0.909 0.947 0.643 0.731 
58 2 2 5 -1 0.045 0.909 0.938 0.88 0.961 
58 2 2 5 1 0.581 0.929 0.949 0.646 0.745 
58 2 2 10 -1 0.356 0.848 0.881 0.772 0.782 
58 2 2 10 1 0.741 0.955 0.951 0.754 0.824 
58 2 3 0 -1 0.185 0.843 0.846 0.939 0.988 
58 2 3 0 1 0.335 0.898 0.894 0.847 0.847 
58 2 3 5 -1 0.385 0.949 0.953 0.915 0.974 
58 2 3 5 1 0.399 0.872 0.879 0.853 0.854 
58 2 3 10 -1 0.697 0.963 0.973 0.922 0.973 
58 2 3 10 1 0.643 0.952 0.953 0.853 0.853 
58 10 1 0 -1 0.261 0.908 0.931 0.905 0.970 
58 10 1 0 1 0.269 0.889 0.928 0.787 0.916 
58 10 1 5 -1 0.068 0.846 0.880 0.899 0.953 
58 10 1 5 1 0.656 0.947 0.961 0.708 0.930 
58 10 1 10 -1 0.343 0.791 0.823 0.835 0.859 
58 10 1 10 1 0.872 0.975 0.974 0.670 0.953 
58 10 2 0 -1 0.343 0.933 0.960 0.897 0.972 






Station Time horizon Lane ε Change 
R
2
 for P 
2
nd
 order  
R
2
 for P 
3
rd
 order  
R
2
 for P 
4
th
 order  
R
2
 for E 
1
st
 order  
R
2
 for E 
2
nd
 order   
58 10 2 5 -1 0.04 0.863 0.915 0.917 0.973 
58 10 2 5 1 0.673 0.945 0.959 0.714 0.789 
58 10 2 10 -1 0.366 0.830 0.866 0.863 0.898 
58 10 2 10 1 0.841 0.972 0.968 0.793 0.866 
58 10 3 0 -1 0.178 0.914 0.938 0.950 0.983 
58 10 3 0 1 0.390 0.937 0.951 0.861 0.852 
58 10 3 5 -1 0.446 0.925 0.947 0.946 0.980 
58 10 3 5 1 0.512 0.933 0.943 0.864 0.864 
58 10 3 10 -1 0.771 0.946 0.957 0.955 0.984 
58 10 3 10 1 0.782 0.968 0.962 0.887 0.888 
58 20 1 0 -1 0.277 0.927 0.944 0.910 0.969 
58 20 1 0 1 0.299 0.916 0.940 0.823 0.931 
58 20 1 5 -1 0.060 0.842 0.869 0.901 0.950 
58 20 1 5 1 0.677 0.959 0.968 0.752 0.947 
58 20 1 10 -1 0.381 0.748 0.788 0.866 0.877 
58 20 1 10 1 0.885 0.978 0.975 0.687 0.965 
58 20 2 0 -1 0.378 0.945 0.958 0.895 0.745 
58 20 2 0 1 0.390 0.922 0.955 0.690 0.962 
58 20 2 5 -1 0.125 0.907 0.934 0.903 0.805 
58 20 2 5 1 0.691 0.958 0.965 0.736 0.913 
58 20 2 10 -1 0.359 0.815 0.851 0.890 0.884 
58 20 2 10 1 0.850 0.974 0.966 0.817 0.981 
58 20 3 0 -1 0.215 0.933 0.950 0.948 0.849 
58 20 3 0 1 0.336 0.943 0.957 0.847 0.980 
58 20 3 5 -1 0.390 0.918 0.925 0.948 0.868 
58 20 3 5 1 0.530 0.964 0.964 0.868 0.983 
58 20 3 10 -1 0.781 0.940 0.951 0.955 0.893 
58 20 3 10 1 0.800 0.978 0.969 0.892 0.900 
 
Table A - 3. 1:  Va, Vb, Vc, Vd and Ve for station 4. 
Station Time Horizon Lane ε Va (mph) Vb (mph) Vc (mph) Vd (mph) Ve (mph) 
4 1 1 0 11 20 31 52 65 
4 1 1 5 - 22 - 49 - 
4 1 1 10 - 25 - 46 - 






Station Time Horizon Lane ε Va (mph) Vb (mph) Vc (mph) Vd (mph) Ve (mph) 
4 1 2 5 - 25 - 52 - 
4 1 2 10 - 28 - 49 - 
4 2 1 0 13 19 28 51 66 
4 2 1 5 - 23 - 48 - 
4 2 1 10 - 25 - 44 - 
4 2 2 0 11 21 34 56 70 
4 2 2 5 - 25 - 52 - 
4 2 2 10 - 28 - 48 - 
4 10 1 0 12 19 28 50 65 
4 10 1 5 - 23 - 47 - 
4 10 1 10 - 26 - 43 - 
4 10 2 0 12 22 33 55 70 
4 10 2 5 - 25 - 51 - 
4 10 2 10 - 28 - 46 - 
4 20 1 0 13 19 26 50 65 
4 20 1 5 - 23 - 46 - 
4 20 1 10 - 26 - 40 - 
4 20 2 0 13 21 31 54 70 
4 20 2 5 - 25 - 52 - 
4 20 2 10 - 29 - 45 - 
 
Table A - 3. 2:  Va, Vb, Vc, Vd and Ve for station 38. 
Station Time Horizon Lane ε Va (mph) Vb (mph) Vc (mph) Vd (mph) Ve (mph) 
38 1 1 0 13 23 37 53 64 
38 1 1 5 - 23   50 - 
38 1 1 10 - 24   46 - 
38 1 2 0 17 22 28 43 53 
38 1 2 5 - 22 - 42 - 
38 1 2 10 - 24 - 35 - 
38 1 3 0   28   43 55 
38 1 3 5 - 29 - 39 - 
38 1 3 10 - 31 -   - 
38 2 1 0   27   48 60 
38 2 1 5 - 24 -   - 
38 2 1 10 - 23 -   - 






Station Time Horizon Lane ε Va (mph) Vb (mph) Vc (mph) Vd (mph) Ve (mph) 
38 2 2 5 - 26 -   - 
38 2 2 10 - 27 -   - 
38 2 3 0   34     55 
38 2 3 5 - 34 -   - 
38 2 3 10 - 34 -   - 
38 10 1 0   27   48 61 
38 10 1 5 - 26 -   - 
38 10 1 10 - 27 -   - 
38 10 2 0   27   41 54 
38 10 2 5 - 26 -   - 
38 10 2 10 - 29 -   - 
38 10 3 0         53 
38 10 3 5 -   -   - 
38 10 3 10 - 36 -   - 
38 20 1 0   30   46 60 
38 20 1 5 - 27 -   - 
38 20 1 10 - 27 -   - 
38 20 2 0   29   40 55 
38 20 2 5 - 27 -   - 
38 20 2 10 - 29 -   - 
38 20 3 0         53 
38 20 3 5 -   -   - 
38 20 3 10 - 37 -   - 
 
Table A - 3. 3:  Va, Vb, Vc, Vd and Ve for station 53. 
Station Time Horizon Lane ε Va (mph) Vb (mph) Vc (mph) Vd (mph) Ve (mph) 
53 1 1 0 16 25 39 55 68 
53 1 1 5 - 28 - 52 - 
53 1 1 10 - 30 - 48 - 
53 1 2 0 15 25 39 55 67 
53 1 2 5 - 25 - 46 - 
53 1 2 10 - 27 - 40 - 
53 1 3 0 16 26 39 55 67 
53 1 3 5 - 24 -   - 
53 1 3 10 - 26 -   - 






Station Time Horizon Lane ε Va (mph) Vb (mph) Vc (mph) Vd (mph) Ve (mph) 
53 2 1 5 - 28 - 51 - 
53 2 1 10 - 30 - 47 - 
53 2 2 0 16 23 32 52 63 
53 2 2 5 - 24 - 45 - 
53 2 2 10 - 28 - 39 - 
53 2 3 0 17 24 30 50 63 
53 2 3 5 - 24 - 37 - 
53 2 3 10 - 25 -   - 
53 10 1 0 18 25 30 51 63 
53 10 1 5 - 29 - 50 - 
53 10 1 10 - 32 - 45 - 
53 10 2 0 21 24 27 50 63 
53 10 2 5 - 26 - 45 - 
53 10 2 10 - 29 - 38 - 
53 10 3 0   24   46 59 
53 10 3 5 - 26 -   - 
53 10 3 10 - 28 -   - 
53 20 1 0   23   45 59 
53 20 1 5 - 29 - 50   
53 20 1 10 - 33 - 45   
53 20 2 0   32   44 58 
53 20 2 5 - 25 - 44 - 
53 20 2 10 - 29 - 35 - 
53 20 3 0   27   44 59 
53 20 3 5 - 26 -   - 
53 20 3 10 - 29 -   - 
 
Table A - 3. 4:  Va, Vb, Vc, Vd and Ve for station 58. 
Station Time Horizon Lane ε Va (mph) Vb (mph) Vc (mph) Vd (mph) Ve (mph) 
58 1 1 0 20 23 26 47 59 
58 1 1 5 - 23 - 48 - 
58 1 1 10 - 26 - 52 - 
58 1 2 0 21 23 25 46 59 
58 1 2 5 - 24 - 51 - 
58 1 2 10 - 25 - 52 - 






Station Time Horizon Lane ε Va (mph) Vb (mph) Vc (mph) Vd (mph) Ve (mph) 
58 1 3 5 - 23 - 54 - 
58 1 3 10 - 25 - 56 - 
58 2 1 0   21   46 58 
58 2 1 5 - 23 - 49 - 
58 2 1 10 - 26 - 51 - 
58 2 2 0   22   45 58 
58 2 2 5 - 23 - 51 - 
58 2 2 10 - 25 - 50 - 
58 2 3 0 17 23 28 49 62 
58 2 3 5 - 24 - 53 - 
58 2 3 10 - 24 - 52 - 
58 10 1 0   22   45 59 
58 10 1 5 - 23 - 49 - 
58 10 1 10 - 24 - 52 - 
58 10 2 0   22   45 58 
58 10 2 5 - 23 - 49 - 
58 10 2 10 - 26 - 51 - 
58 10 3 0   23   50 63 
58 10 3 5 - 24 - 53 - 
58 10 3 10 - 27 - 59 - 
58 20 1 0   21   44 58 
58 20 1 5 - 23 - 51 - 
58 20 1 10 - 26 - 54 - 
58 20 2 0   22   44 59 
58 20 2 5 - 24 - 49 - 
58 20 2 10 - 26 - 51 - 
58 20 3 0   22   48   
58 20 3 5 - 24 - 53 - 
58 20 3 10 - 27 - 59 - 
 

















4 1 1 0 8.96 25 14.21 49 






















4 1 1 10 12.95 33 19.63 44 
4 1 2 0 14.60 30 21.68 42 
4 1 2 5 12.81 29 17.00 48 
4 1 2 10 12.51 27 17.27 46 
4 2 1 0 15.86 35 21.12 42 
4 2 1 5 17.62 38 22.85 39 
4 2 1 10 17.60 32 20.35 44 
4 2 2 0 16.62 30 20.12 42 
4 2 2 5 19.68 37 24.08 36 
4 2 2 10 21.23 40 25.30 29 
4 10 1 0 10.64 28 14.44 49 
4 10 1 5 11.40 30 16.44 48 
4 10 1 10 16.27 39 23.74 44 
4 10 2 0 18.92 35 26.80 42 
4 10 2 5 14.22 32 17.36 47 
4 10 2 10 14.51 32 18.08 47 
4 20 1 0 19.64 42 24.57 42 
4 20 1 5 21.70 45 27.32 39 
4 20 1 10 18.85 35 21.46 44 
4 20 2 0 18.75 35 21.05 44 
4 20 2 5 23.48 44 26.23 38 
4 20 2 10 25.70 47 28.83 30 
 

















38 1 1 0 10.08 24 5.17 53 
38 1 1 5 13.57 27 8.34 54 
38 1 1 10 18.04 31 13.76 55 
38 1 2 0 6.97 22 4.49 50 
38 1 2 5 10.80 24 8.12 30 






















38 1 3 0 7.27 21 6.11 30 
38 1 3 5 10.76 25 9.50 30 
38 1 3 10 15.40 31 14.80 30 
38 2 1 0 9.38 22 5.29 30 
38 2 1 5 13.01 26 8.14 30 
38 2 1 10 17.43 36 12.67 30 
38 2 2 0 7.30 23 6.32 30 
38 2 2 5 11.15 25 10.02 30 
38 2 2 10 15.78 29 16.08 30 
38 2 3 0 7.76 22 10.16 30 
38 2 3 5 11.32 25 13.70 30 
38 2 3 10 15.93 31 19.06 30 
38 10 1 0 9.92 25 7.72 30 
38 10 1 5 13.38 27 10.35 30 
38 10 1 10 17.64 30 14.21 30 
38 10 2 0 7.89 24 8.54 30 
38 10 2 5 11.53 26 11.49 30 
38 10 2 10 15.91 23 15.84 30 
38 10 3 0 8.20 23 11.43 30 
38 10 3 5 11.54 26 14.34 30 
38 10 3 10 15.95 31 18.46 30 
38 20 1 0 10.06 25 8.72 30 
38 20 1 5 13.50 27 11.31 30 
38 20 1 10 17.75 30 15.14 30 
38 20 2 0 8.26 24 9.30 30 
38 20 2 5 11.79 26 12.23 30 
38 20 2 10 16.15 30 16.23 30 
38 20 3 0 8.26 24 12.00 30 
38 20 3 5 11.59 28 14.69 30 

























53 1 1 0 9.43 28 7.39 50 
53 1 1 5 13.13 30 11.29 47 
53 1 1 10 17.75 34 15.94 42 
53 1 2 0 9.11 27 12.10 30 
53 1 2 5 12.71 29 16.56 30 
53 1 2 10 17.64 34 21.92 30 
53 1 3 0 7.99 23 7.42 30 
53 1 3 5 11.09 27 10.57 30 
53 1 3 10 16.08 30 15.20 30 
53 2 1 0 10.06 28 7.63 48 
53 2 1 5 13.47 31 11.17 46 
53 2 1 10 17.80 34 15.53 40 
53 2 2 0 9.80 26 12.58 30 
53 2 2 5 13.22 29 16.64 30 
53 2 2 10 17.46 32 21.99 30 
53 2 3 0 8.87 24 8.16 30 
53 2 3 5 12.22 26 11.00 30 
53 2 3 10 16.58 30 15.38 30 
53 10 1 0 13.09 36 13.45 41 
53 10 1 5 16.73 39 16.83 39 
53 10 1 10 20.89 42 21.08 31 
53 10 2 0 12.13 32 15.82 30 
53 10 2 5 15.51 35 18.82 30 
53 10 2 10 19.57 38 22.65 30 
53 10 3 0 9.97 26 10.81 30 
53 10 3 5 13.39 29 13.03 30 
53 10 3 10 17.81 32 16.30 30 
53 20 1 0 14.72 40 16.48 37 
53 20 1 5 18.26 43 19.79 33 
53 20 1 10 22.33 46 24.22 30 
53 20 2 0 13.23 35 17.55 30 
53 20 2 5 16.71 38 20.24 30 
53 20 2 10 20.70 40 23.31 30 
53 20 3 0 10.14 26 12.14 30 






















53 20 3 10 17.97 33 17.23 30 
 

















58 1 1 0 7.8 22 9.56 30 
58 1 1 5 12.89 33 15.06 30 
58 1 1 10 31.24 50 23.08 30 
58 1 2 0 7.15 22 8.83 60 
58 1 2 5 11.37 26 11.04 60 
58 1 2 10 29.61 50 19.73 30 
58 1 3 0 8.87 24 6.62 60 
58 1 3 5 12.43 26 9.80 60 
58 1 3 10 16.59 29 13.88 30 
58 2 1 0 8.15 22 13.83 30 
58 2 1 5 12.5 28 18.18 30 
58 2 1 10 26.31 50 23.49 30 
58 2 2 0 7.5 21 8.27 30 
58 2 2 5 11.51 25 12.21 30 
58 2 2 10 22.67 48 18.88 30 
58 2 3 0 8.93 26 7.00 60 
58 2 3 5 12.86 27 9.94 60 
58 2 3 10 17.37 31 15.14 30 
58 10 1 0 9.22 25 16.14 30 
58 10 1 5 13.17 30 18.98 30 
58 10 1 10 20.87 44 22.43 30 
58 10 2 0 8.54 23 11.82 30 
58 10 2 5 12.41 28 14.77 30 
58 10 2 10 18.8 37 19.00 30 
58 10 3 0 10.01 29 11.50 30 
58 10 3 5 13.65 31 14.29 30 






















58 20 1 0 9.69 26 17.65 30 
58 20 1 5 13.63 31 20.06 30 
58 20 1 10 21.2 44 22.80 30 
58 20 2 0 8.8 24 13.74 30 
58 20 2 5 12.65 28 16.42 30 
58 20 2 10 19.66 39 20.24 30 
58 20 3 0 10.7 29 14.48 30 
58 20 3 5 14.05 31 17.08 30 
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